Focal anaplasia characterized by T2 hypointensity, signal-intensity enhancement on postcontrast T1-weighted MR imaging and restricted water diffusion has been reported in a patient with juvenile pilocytic astrocytoma. We identified T2 HOF with these MR imaging characteristics in children with DIPG and hypothesized that these represent areas of focal anaplasia; and may, therefore, have increased perfusion properties and should be characterized by increased perfusion. Thus, we used DSC to investigate our hypothesis.
I
n children, tumors arising from the brain stem (ie, midbrain, pons, and medulla oblongata) account for approximately 11% of all central nervous system tumors. 1 Approximately 58%-85% of the tumors in this category correspond to DIPG, an entity associated with a distinctively poor prognosis. [2] [3] [4] Available literature suggests that at least a subset of these tumors is histologically low grade (ie, World Health Organization grade II) at initial clinical presentation 5, 6 but rapidly evolves into high-grade neoplasms, with most found to be glioblastoma multiforme at postmortem examination. 7, 8 A recent case of a histologically confirmed focal anaplasia within a cerebellar juvenile pilocytic astrocytoma showed a peculiar constellation of MR imaging signal-intensity properties, notably shortened T2 relaxation (ie, hyposignal), signalintensity enhancement after injection of a GBCA, and evidence of restricted water diffusion (ie, increased signal intensity on diffusion trace images in conjunction with low ADC). 9 During the course of providing clinical care for patients with DIPG, we have occasionally seen focal intratumoral lesions characterized by the aforementioned MR imaging features. We, therefore, speculated that these lesions may represent focal anaplasia and have prognostic and therapeutic implications.
Current standards for the clinical management of DIPG, including those at our hospital, do not require histopathologic confirmation before treatment. Furthermore, the use of invasive biopsies to confirm suspected cases of DIPG remains controversial, 10 mainly due to the highly characteristic MR imaging features of this disease in most cases and the almost uniformly poor prognosis. Therefore, testing our hypothesis through histopathologic evaluation appeared to be impossible. However, because the histologic hallmark features of anaplasia are angioneogenesis and hypercellularity and advanced MR imaging techniques can provide robust in vivo surrogate parametric data about tumor cellularity (eg, ADC) and vascularity (eg, CBV), which correlate with tumor grade and clinical outcome, [11] [12] [13] [14] [15] [16] we used DWI, DTI (in some cases), and DSC to further characterize T2 HOF . Our goal was to determine the diffusion and perfusion properties of T2 HOF within DIPGs and to compare these with those of the T2
HRT .
Materials and Methods

Patients
Pretreatment MR images of 86 patients with DIPG (49 girls, 37 boys; median age at diagnosis, 6.1 years; range, 1.1-17.6 years) who were admitted to our hospital between 2004 and 2009 were retrospectively reviewed for the presence of T2 HOF associated with signal-intensity enhancement on T1-weighted postcontrast images and for evidence of restricted water diffusion by DWI. T2 HOF with the described MR imaging characteristics was identified in 10 patients. T2*-weighted gradient-echo imaging or susceptibility-weighted imaging was used to ensure that hemorrhagic lesions were excluded. Informed consent from the parents or legal representatives of patients was obtained before performing MR imaging. The retrospective evaluation of the MR imaging data was approved by the local institutional review board. Qualifying T2 HOF was categorized into 3 subgroups on the basis of appearance on the T2-weighted image: 1) a homogeneous lesion with well-defined margins, 2) a homogeneous lesion with illdefined margins, and 3) an ill-defined lesion with evidence of central necrosis.
MR Imaging
Because the study spanned 5 years, MR imaging examinations were performed on 1.5T (3 patients; MAGNETOM Avanto, MAGNETOM Symphony; Siemens, Erlangen, Germany) and 3T (7 patients; MAGNETOM Trio, Siemens) MR imaging scanners. All patients, except patient 9, were under general anesthesia during the studies. MR imaging protocols included nonenhanced axial T1-weighted gradient-echo, axial T2-weighted fast spin-echo, and axial echoplanar DWI (or DTI for patients 3 and 6 -10) as well as axial contrastenhanced T1-weighted gradient-echo imaging. Conventional anatomic images were used for the initial retrospective review to identify potential T2 HOF within our cohort.
To enhance the visibility of any subtle signal-intensity enhancement within the T2 HOF after intravenous injection of a GBCA, we subtracted nonenhanced T1-weighted images from postcontrast T1-weighted images by using the standard proprietary in-line subtraction algorithm available on our MR imaging platforms.
Diffusion MR Imaging
Patients in this study were initially enrolled into various clinical therapeutic trials. Depending on the corresponding treatment protocol, we acquired DWI data by using either DWI or DTI. Both diffusionweighted sequences were performed by using a twice-refocused spinecho technique. DWI was performed with 3 orthogonal diffusionencoding directions, and DTI, with 12 directions. The b-values were 1000 and 700 s/mm 2 for the 1.5T and 3T scanners, respectively. ADC and FA maps were calculated by using the diffusion toolbox for SPM2 (Wellcome Department of Imaging Neuroscience, London, United Kingdom).
Perfusion MR Imaging
DSC data were acquired by using an echo-planar imaging sequence after an intravenous injection of a bolus of GBCA (at a dose of 0.1 mL/ kg; Omniscan, Nycomed Amersham, Oslo, Norway; or Magnevist, Schering, Berlin, Germany), which was delivered by a power injector through a 22-ga intravenous line at a rate of 0.8 -1.0 mL/s. The tumor was preloaded approximately 3 minutes prior to the scan with the same dose and injection rate. The DSC image acquisition started approximately 35-40 seconds before the contrast agent entered the intracranial space and ended after a few recirculation passes of contrast, with the first pass roughly in the middle of the acquisition. Parameters used for perfusion measurements were the following: TE ϭ 28 ms for 3T, TE ϭ 45 ms for 1.5T, TR ϭ 1800 ms, matrix, 128 ϫ 128, FOV ϭ 210 ϫ 210 mm 2 , 15 sections with 5-mm thickness and 1-mm distance.
Collection of Quantitative Data
A region of interestϪbased approach was used to compare diffusion and perfusion parameters of T2 HOF with T2 HRT . All regions of interest were drawn by 1 author (U.L.) under the supervision of a certified neuroradiologist (Z.P.). T2 HOF was outlined on ADC maps, and regions of interest were transferred to non-contrast-enhanced T2*-weighted perfusion stack images (Fig 1) . Reference regions of interest representing T2 HRT were placed in a contralateral mirror tumor location whenever possible. When this was not possible because of obvious necrosis, hemorrhage, or central location of the T2 HOF , the (4) shown on the ADC map (left) and the T2*-weighted perfusion image before injection of contrast agent (right).
region of interest was drawn in another representative (ie, fairly homogeneously T2 hyperintense) tumor area. Regions of interest for T2
HRT were defined at a size similar to that of the regions of interest for T2 HOF , and a sufficient distance was kept to the rim of the brain stem to ensure that possible signal-intensity distortions were not included in the regions of interest. Regions of interest of normalappearing cerebellar GM and WM were placed bilaterally (Fig 1) . Diffusion data were evaluated on the basis of the median pixel value of the ADC and FA maps for each region of interest calculated by using a self-written script in Matlab (MathWorks, Natick, Massachusetts).
The raw DSC-MR imaging dataset was initially processed by using a Kohonen self-organizing map to robustly and automatically identify the normalized AIF. 17 We decided against using a region-ofinterest analysis of the final processed parameter maps because the pixel-wise evaluation often did not converge, and many of the voxels in the brain stem yielded illogical results. To determine specific perfusion parameters (ie, CBV, CBF, and MTT), we evaluated the signal intensityϪtime curve of each region of interest (Fig 2) 18 by using a more robust model-dependent deconvolution technique. This evaluation was performed by fitting the perfusion model with the monoexponential residue function to the first pass of the contrast bolus of the DSC data of each region of interest. 19 Relative CBV and relative CBF values were calculated by using the mean values obtained for both GM 20 regions of interest of the normal-appearing cerebellum. GM was chosen because DSC measures in this region are more reliable and less variable than those in WM regions of the cerebellum.
Statistical Evaluation
Statistical analyses involved comparing descriptive statistics and using graphic tools as well as the Wilcoxon signed rank test to evaluate the differences between the diffusion and perfusion parameters of T2 HOF and T2 HRT . For patients with multiple T2 HOF , 1 lesion (ie, the index lesion) was used for descriptive statistics and comparative statistical analysis of the imaging features of a T2 HOF versus a T2 HRT field (Table, last column) . We selected the index lesion on the basis of the robustness of the defining T2 HOF imaging features in that lesion.
Results
Reviewing the images of our patients, we identified 15 instances of T2 HOF in 10 patients that fully met the MR imaging criteria described previously. Of the 10 patients (6 boys, 4 girls; median age at diagnosis, 4.6 years; range, 1.2-13.1 years), 7 patients had a single T2 HOF , and 3 patients had 2 lesions (Table, Fig 3) . DSC data were available for all 10 patients. The initial MR imaging study of patient 8 did not include diffusion imaging, so the scan obtained 5 days after initiation of treatment was evaluated. FA values were available for patients 3 and 6 -10. Signal-intensity enhancement on postcontrast T1-weighted images was usually subtle to modest but was more prominent in those lesions associated with central necrosis.
The regions of interest used for data evaluation had an average size of 270 pixels. The smallest region of interest was drawn for a T2 HOF and was 52 pixels. The largest region of interest was drawn for the cerebellar GM and was 1024 pixels for both bilateral regions of interest combined. HRT by using DSC showed that the rCBV was significantly higher (P ϭ .01) in T2 HOF (range, 0.4 -2.62) than in T2 HRT (range, 0.23-1.57). In contrast, values for rCBF and rMTT were not significantly different between the 2 groups; these results are summarized in Fig 5. 
Diffusion MR Imaging
Discussion
We found that the MR imaging appearance of T2 HOF is not entirely uniform. While some of the lesions were fairly welldefined, others were ill-defined, often larger, with or without evidence of central necrosis.
We believe that the finding of lower ADC values in T2 HOF compared with those of T2
HRT likely indicates increased cellular attenuation and a high nucleus-to-cytoplasm ratio, 21 which is in accordance with the well-documented inverse correlation between ADC and tumor cellularity reported by other investigators. 22 ADC values for 8 of the 13 lesions (patients 2, 4, 5, and 8 -10) in this study corresponded to values found in World Health Organization grade III and IV supratentorial gliomas in another study. 23 For patient 8, ADC values were as low as those reported for medulloblastoma, which is among the central nervous system tumors with the highest cellularity. 15 Previous studies suggest that ADC alone does not enable differentiation between low-grade and high-grade gliomas. 12, 23 Researchers investigating the diffusion parameter FA reported that a threshold value of 0.188 may differentiate low-grade from high-grade supratentorial gliomas. 23 On the basis of this threshold, 5 of the 6 examples of T2 HOF for which FA was available would also correspond to high-grade lesions. Higher FA values observed in high-grade compared to low-grade gliomas has been associated with a symmetric organization of the cells within the hypercellular lesion. 23 ADC and FA values within the tumor and normal-appearing cerebellar WM (ie, the middle cerebellar peduncle) in our cohort are in agreement with the values in other reports. [24] [25] [26] Compared with normal values found for the pons in 5-to 10-year-old subjects, 27 ADC values were higher and FA values were lower in the T2 HOF and T2
HRT that we studied (the deviation from normal values was much more prominent in T2
HRT than in T2 HOF ). DSC is the current MR imagingϪbased technique of choice for in vivo quantification of perfusion parameters within normal and abnormal biologic samples, including neoplasms. 11, 14, 16 Although no validated cutoff value for rMTT has been reported, increased rCBV is believed to closely reflect angioneogenesis, vascular endothelial proliferation, or vascular attenuation 11, 28 ; rCBV seems to be a reliable predictor of clinical outcome in adults with supratentorial brain neoplasms. In fact, rCBV is used as a surrogate biomarker to differentiate and grade intracranial masses. 28, 29 Furthermore, rCBV values Ͼ1.75 identify neoplasms with poor patient outcome, 28 and, by using 2.91 as a cutoff value for rCBV, enable highly sensitive and specific differentiation of lowgrade supratentorial gliomas from high-grade ones. 30 The rCBV values for T2 HRT in our study agree with those reported for grade II and III supratentorial fibrillary astrocytomas. 18 In contrast, rCBV values of T2 HOF were notably higher, which is in agreement with increased vascularity and, therefore, consistent with potential anaplasia.
The use of cutoff values for DSC data is currently limited because most available rCBV and rCBF cutoff values were established for supratentorial gliomas relative to contralateral normal-appearing WM. 11, 14, 20, 30, 31 This approach was not feasible for our study because of the midline tumor location and because some DIPGs extended into the middle cerebellar peduncles.
One potential challenge to confidently identifying a T2 HOF is differentiating it from other T2 hypointensities within the tumor field. Theoretically, those other T2 hypointensities may be hemorrhagic or normal, yet uninvolved, brain stem parenchyma. Identifying hemorrhagic foci is straightforward with the use of blood-sensitive sequences, particularly with susceptibility-weighted imaging. 32 Normal parenchyma is usually found in the periphery of the tumor; however because tumor geometry is often not strictly spheric, foci of normal parenchyma may appear partially intratumoral on axial images. Fiber tracts within the brain stem represent a special form of normal T2 hypointensities within the T2 hyperintense tumor field. Corticospinal tracts and transverse pontine fibers seem to be relatively resistant to tumor infiltration. Therefore, although these tracts and fibers are often splayed and quite significantly displaced by surrounding infiltrative tumor, they remain T2 hypointense. Their small size (1-2 mm), the resultant characteristic "ground pepper" appearance, and their suggestive locations within the ventral quadrants of the pons usually make their recognition straightforward. In cases in which confirmation is needed, DTI data showing marked anisotropy may further enhance diagnostic confidence.
Clinical Implications
Our findings highlight the potential usefulness of a regional rather than global analysis of the tumor field when using advanced MR imaging techniques, and they show the feasibility of using these techniques, even with relatively small lesion components in a challenging anatomic region such as the posterior fossa. Incidentally, our findings also suggest that unusual tumor features on conventional MR imaging, such as T2 hypointensities, may provide clues to the staging and biology of DIPG.
Histogenetic differences between pontine neoplasms, currently labeled uniformly as DIPG, may be responsible for rare but striking differences in the clinical course and therapeutic HRT (x-axis). responsiveness of some of these tumors. 11 More systematic access to tissue samples through surgical biopsy may be required to further differentiate DIPG from similar tumors and gain a better understanding of the molecular biology of DIPG. Yet, without appropriate imaging guidance, tumors may be randomly biopsied, thus hampering the adequate characterization of lesions. Identifying and targeting focal anaplasia or other prognostically relevant tumor areas could significantly enhance the diagnostic and prognostic yield of invasive surgical biopsy. 20 Recently, the issue of performing biopsies in DIPG has become of special interest and has been much debated. 10 Indeed, the advanced MR imaging techniques used here may provide valuable longitudinal information on the evolving tumor biology when used at several time points and thus may enhance our ability to monitor therapeutic responsiveness in this particular pathology in which current therapies-with the exception of radiation-are mainly experimental.
The significance of the phenotypic variations of T2 HOF in DIPG is yet unclear. These variations may represent subsequent stages of the process of anaplastic tumor transformation. A previous study suggested that T2 hypointensity itself is associated with worse outcome in DIPG. 10 Another study found that tumors with rCBV values higher than those of GM were associated with a shorter time to progression. 18 In our study, rCBV values of T2 HOF and T2
HRT were never higher than those of GM. Therefore, a T2 HOF associated with an elevated rCBV (ie, higher than T2 HRT ) may be an important factor for prognosis. However, whether patients with T2 HOF in our study have a worse outcome than other patients with DIPG is unknown, and we have refrained from a statistical evaluation of the current data because of the small patient sample. Yet, we believe that the concept of the diagnostic imaging evaluation of T2 HOF presented in this work may also be applicable to other similar tumors (eg, thalamic gliomas with the exception of juvenile pilocytic astrocytomas) in which stereotactic biopsies before treatment are currently recognized as the standard of care by most clinicians. Studies performed for those tumors may help to further elucidate the histopathologic evolution of T2 HOF .
Limitations
Our study is retrospective in the strict sense of the term. However, we believe that it meets the criteria of a prospective study in many ways. In our institution, virtually every MR imaging examination is performed within the framework of institutional review board-approved prospectively designed clinical trials/imaging protocols. Accordingly, for our hypothesisdriven research, we used data collected in a standardized fashion. In particular, perfusion (and DWI/DTI) studies were performed in all of our patients with the intent of using those data for research along the lines of the originally stated research objectives of the 2 protocols from which patients were recruited. This allowed us to take advantage of the benefits of a "traditional" prospective investigation scheme, even though the specific research question we tried to address in our study was formulated later. Because patients were recruited from 2 protocols, MR imaging parameters varied slightly over the study period as improvements have been made to imaging techniques, particularly to DSC. Sequence parameters, including field strength, differed among the MR imaging platforms; these differences may have had an impact on our results, too. However, our study was primarily designed to compare tumor components within the same patient, which minimized the likelihood of possible errors arising from the use of different imaging parameters.
Conclusions
The findings in this study support our hypothesis that T2 HOF may indeed correspond to areas of focal anaplasia, because increased rCBV likely reflects a global expansion of the intralesional blood pool secondary to tumor-induced angioneogenesis, and low ADC likely corresponds to increased tumor cellularity. T2 HOF is more common in DIPG than originally suspected. T2 HOF may be the ideal target when stereotactic biopsy of tumors that present with an inhomogeneous T2 signal intensity is considered.
